Understanding mutation rates can greatly extend the utility of population and conservation genetic analyses. Herein, we present an estimate of genome-wide microsatellite mutation rate in Atlantic sturgeon (Acipenser oxyrinchus) based on parent-offspring transmission patterns. We screened 307 individuals for parentage and mutation-rate analysis applying 43 variable markers. Out of 13 228 allele transfers, 11 mutations were detected, producing a mutation rate of 8. ). Single-step mutations predominated and there were trends toward mutations in loci with greater polymorphism and allele length. Two of the detected mutations were most probably cluster mutations, being identified in 12 and 28 sibs, respectively. Finally, we observed evidences of polyploidy based on the sporadic presence of 3 or 4 alleles per locus in the genotyped individuals, supporting previous reports of incomplete diploidization in Atlantic sturgeon.
, allows for mutation changes by greater than one unit with a probability following a geometric distribution.
Many population genetic inference methods using microsatellite data require the adoption of a mutation model. For example, moment-based estimators of mutation-scaled effective population size (θ = 4N e μ), likelihood-based estimators of θ (Beaumont 1999) , and likelihood-free approaches such as the use of approximate Bayesian computation (Beaumont 1999; Tallmon et al. 2008) . General trends in the mutational process of microsatellites suggest a tendency for high intra-specific variation in mutation rate (Brohede et al. 2002; Bulut et al. 2009 ), a length dependent mutation rate where mutation rate increases with the length of the repeat (Goldstein and Clark 1995; Schlötterer 2000) , and a tendency for mutational bias between expansion and contractions, though biases in both directions have been documented (Rubinsztein et al. 1999; Metzgar et al. 2002) . However, the specific mechanism of microsatellite evolution remains poorly characterized for many nonmodel taxa.
Although the mutation rate for microsatellite loci has been characterized for some vertebrate species, including fish (Jones et al. 1999; Shimoda et al. 1999; Mackiewicz et al. 2002; Steinberg et al. 2002; Yue et al. 2007) , no data are available for Acipenseriformes (sturgeons and paddlefishes). This ancient lineage of fishes (Gardiner 1984 ) is characterized by conserved morphology and very low DNA mutation rates relative to other fish species (Ong et al. 1996; Krieger and Fuerst 2002; Peng et al. 2007 ). Sturgeons (Acipenseridae) also show intra-individual variation of ribosomal genes (i.e., 18S rDNA), a result of reduced rate of concerted evolution that homogenizes multiple copies of rDNA in the genome (Krieger and Fuerst 2002; Krieger et al. 2006) . Moreover, sturgeons display various levels of ploidy, with microsatellite data reflecting hexa-or octoploidy in some species (Peng et al. 2007; Vasil'ev et al. 2010; Havelka et al. 2011) .
Conservation efforts have been undertaken (Raymakers 2006; Gessner et al. 2011; Kolman et al. 2011; Waldman 2011) to counter the global decline of sturgeons (Ludwig 2006 ) that can be attributed to biological factors of these fishes such as late maturity, intermittent spawning and migratory behaviour (Beamesderfer and Farr 1997; Peng et al. 2007; Bronzi and Rosenthal 2014) . Population genetic studies of wild and hatchery sturgeons are necessary to provide further insight into the status of this economically important group. Such studies include efforts to estimate population effective size, which is one of the most important parameters used in conservation genetics (Ludwig et al. 2008; Moyer et al. 2012; O'Leary et al. 2014; Popović et al. 2014) . Toward that aim, our objective was to characterize microsatellite mutation and estimate the mutation rate in Atlantic sturgeon (Acipenser oxyrinchus) by directly following the pattern of allele transmissions in parent-progeny pairs.
Materials and Methods
We selected 50 microsatellites developed for the genus Acipenser (A. oxyrinchus, Acipenser naccarii, and Acipenser fulvescens) (Supplementary Table S1 ; May et al. 1997; King et al. 2001; Henderson-Arzapalo and King 2002; Zane et al. 2002; Welsh et al. 2003; Austin et al. 2011) . Microsatellite loci were assumed to be diploid following Fontana et al. (2001) , and as reported in previous kinship studies (Saarinen et al. 2011 ). Loci included 6 dinucleotide, 11 trinucleotide, 18 tetranuleotide, and 15 loci that had complex or imperfect motifs.
Wild fish of known sex were sourced from the St. John River New Brunswick Canada. Strip-spawning was conducted annually from 2005 to 2009, and 2011 to 2013. Gametes from unique wild spawners (1-3 females and 3-10 males; Supplementary Tables S2  and S4) Table S2 ).
DNA was extracted using Genomic Mini AX (A&A Biotechnology, Gdynia, Poland) or Wizard SV 96 Genomic DNA Purification System (Promega, Madison, WI), according to the manufacturer's protocols. Seventeen loci were amplified using an optimized multiplex assay with 5′ fluorescent-labelled forward primers ) (Supplementary Table S1 ). The remaining 33 loci were amplified either in duplex or triplex using a 3 primer combination that included a fluorescently labelled (6-Fam, Hex or Tamra dyes) M13 forward primer and the locus-specific forward and reverse primers (Schuelke 2000) . All PCR reactions were performed using Qiagen Multiplex PCR kit (Qiagen, Hilden, Germany) in a final volume of 10 µL and consisted of an initial denaturation for 15 min at 95 °C followed by 35 cycles at 94 °C for 30 s, primers annealing (55-63 °C, Supplementary Table S1) for 30 s, and for 30 s at 72 °C, followed by final extension of 30 min at 60 °C. PCR products were electrophoresed on an ABI3730XL genetic analyser with a ROX500 size standard at the DNA Sequencing and Oligonucleotide Synthesis Laboratory Institute of Biochemistry and Biophysics, Polish Academy of Sciences. Chromatograms were analyzed using PeakScanner vs.1.0 Software (Life Technologies, Carlsbad, CA).
Individuals were analyzed using different number of loci. Eight individuals representing the 4 wild stocks (St. John, St. Lawrence, Kennebec, and Hudson rivers) were genotyped for 50 loci to exclude monomorphic markers (Supplementary Table S2 ). For parentage analysis, 88 offspring from years 2005 to 2008, were genotyped at 8 loci (as in the first years of the study, we used a subset of loci for dead and untagged individuals). The remaining 288 fish, including all wild spawners were analyzed for 17 loci. Forty-four fry from year-class 2011 and 17 fish from year-class 2005 were analyzed for 16 and 18 loci, respectively. In case of one family (year-class 2005), 81 sibling individuals and their parents, we extended the analysis for additional 26 loci. When putative mutations were identified following initial genotyping efforts, we conducted 3 replicate PCR amplifications of both the putative mutant, parents, and the remainder of its identified siblings. All subsequent analyses were conducted using either a set of 8 or 16 microsatellite markers to unify the datasets of genetic profiles in relatedness computations.
Initial assignments of putative parent-offspring relationships for each sample year were conducted using the full-likelihood categorical assignment method implemented in Colony vs.2.0.5.9 (Jones and Wang 2010) and verified manually. This full-pedigree approach clusters individuals into family groups and subsequently evaluates the likelihood of each cluster to identify the most parsimonious configuration (Harrison et al. 2013a (Harrison et al. , 2013b , and has been demonstrated to more accurate in assignments than are other categories of parentage analysis (Wang 2007) . Analysis parameters selected in the program COLONY were as follows: polygamous male and female mating system, population modeled as outbreeding, dioecious and diploid species, medium run length, full-likelihood analysis method, medium likelihood precision, automatically updated allele frequencies, and no sibship prior. Only parentage assignments with ≥95% probability of assignment were accepted as true.
We subsequently confirmed parentage assignments using Cervus v.3.0 (Kalinowski et al. 2007 ). The same program was used to calculate the the nonexclusion probabilities for accidental identity and not-true parent pair assignments applying the wild individuals as reference group. We simulated 10 000 offspring, the proportion of sampled parents and loci mistype was set to 95% and 1%, respectively. The minimum of typed loci used for parentage analysis was set to 6 in the sets of 8 loci and 14 in the sets of 16 loci analyzed. We used LOD scores for parentage confirmation instead of Δ values (representing the difference of LOD values between the 2 most likely parents), as it was demonstrated to have less power than LOD ratios (Hauser et al. 2011) . Only parent-offspring triads supported by both Colony and Cervus were retained for further consideration.
Unique alleles observed in offspring of well-supported parent-offspring triads, and that were confirmed following re-genotyping of the family in triplicate were assumed to represent mutants. To ascertain that the individuals identified as mutants were not a result of misclassification of parental individuals, we manually confirmed that alternative parents were not being omitted due to lower LOD scores resulting from higher overall homozygosity. For example, all alternative parents were excluded as they did not carry the putative mutant allele.
The mutation rate (μ) per locus and generation was calculated using the equation μ = N/T, where N is the number of identified mutant alleles, and T is the total number of alleles transferred from parents to offspring (Yue et al. 2002) . The lower and upper limits of confidence intervals (95% confidence interval [CI] ) for the observed number of mutations were estimated using Poisson distribution (Yue et al. 2002; Buchan 2004) . Mendelian segregation distortions were checked by applying χ 2 test for goodness of fit. We compared sturgeon microsatellite mutation rate to those from other published fish mutation rates. Where not provided, we calculated microsatellite mutation rates across all genotyped loci applying the same calculation method as described above.
Results
One of the 50 loci examined failed to amplify, whereas 6 others were either monomorphic or presented difficulties in their amplification (Supplementary Table S1 ). Of the 43 loci that were reliably amplified there were 5 dinucleotide, 8 trinucleotide, 18 tetranucleotide, and 12 complex microsatellites among which 9 were imperfect.
The average probabilities of identity of 2 unrelated individuals were very low, both when analyzing 8 and 16 loci, amounting to 2.0 × 10 −8 and 2.01 × 10 −15
, respectively. Similarly, the nonexclusion probabilities values for a candidate parent pair (NE-PP) allowed for confident parentage analysis, ranging 2.6 × 10 −5 for the dataset of 8 loci and 1.5 × 10 −9 in case of 16 microsatellite loci. We identified 25 sturgeon full-sib families, consisting of 34 adult parental individuals and 307 progeny, for which we scored 13 228 allele transfers (Supplementary Table S3 ). For the remaining 122 progeny (belonging to year-classes 2007, 2009, 2011, 2012, and 2013) , their sibship was defined, however they were excluded from further analysis as 1 or 2 parental genotypes was missing from the dataset (unsampled).
Nine mutations at 5 loci were identified in individual offspring (Table 1, Supplementary Table S4 ). All loci for which mutations were observed were tetranucleotide, although one was of complex character. In both of AfuG41 and AS9WM, the observed mutations were probably clustered as the same allele length was recorded for multiple siblings ( Table 1) . The χ 2 test showed highly significant distortion of Mendelian segregation (n = 28, P = 0.005) for AS9WM alleles, suggesting mutation, not null alleles, occurred at this locus. For AfuG41, the χ 2 test was borderline nonsignificant (n = 12, P = 0.056, Table 1 ). Based on these results, we estimated the mutation rate (μ) of microsatellite loci in Atlantic sturgeon to be between 6.8 × 10 (Table 2 ). The parenthood of potential mutants was additionally confirmed with Cervus software against 89 wild spawners of known sex, to provide additional confidence for the calculation results (Supplementary Table S4 ). In most cases, the The most probable progenitor of the mutant is underlined. Mutant alleles are italicised. The probability (P) of segregation distortion using χ 2 test was calculated for loci for which a null allele occurrence was suspected: AfuG41-19.25 (25%) expected individuals (P = 0.056) and AS9WM-40.5 (50%) expected individuals (P = 0.005).
a Families descriptions refer to the year-class and full-sib family names (used also in Supplementary Tables S3 and S4) . Regards to all identified in relatedness analysis siblings-based on the minimal number of 8 microsatellite loci used (Supplementary Table S3 ). Tables S3 and S4 ) and originated most probably during a clustered mutation event. Where only individual locus mutation rates were reported we calculated genome-wide estimates from published information. All the mutation rate values were calculated in a consistent way using the same equation in all cases as described in Materials and Methods section. obtained LOD values were high and significant allowing for doubtless parental assignments. Only 4 assignments were insignificant. In only one case, the true mother was indicated as the third most probable candidate mother (for an individual in year-class 2008 carrying the mutation in locus AoxD234), however, all the analyzed females got insignificant and low LOD scores for this individual, what was probably the result of applying fewer number of loci than few dozen as suggested by Slate et al. (2000) . As the number of parental candidates used this year was limited the true mother was known. Therefore, we conclude that all the parental individuals for the putative mutants were correctly identified. Under the assumption that the mutant alleles were derived from the parental allele that was closest in size (Jones et al. 1999) , 9 mutations were single-step derivations of the parental length, one 2-, and one 3-repeat motifs change, respectively. In 8 instances, the mutation was an increase in allele size, 2 decreases in allele size, and one instance were an increase or decrease was equally plausible ( Table 1 ). The observed mutations were inferred to have occurred in either maternal or paternal germ lines. Seven of the mutational events were found at highly polymorphic (with the number of alleles higher than 20) loci (AoxD234, AoxD241, and AoxD297) (Supplementary Table S1 ) (King et al. 2001; Henderson-Arzapalo and King 2002; Austin et al. 2011; Panagiotopoulou et al. 2014) .
Finally, we observed a low frequency of triploids or tetraploid loci (observed as 3 or 4 observed alleles) at some loci (mostly in loci AoxD234, AoxD170, but never in AoxC45, AoxD161, and AoxC55). These genotypes were consistent across replicated PCR reactions, and were not observed at individuals inferred to possess mutations.
Discussion
Following the pattern of allele transmissions in parent-progeny pairs is the most effective method to study the processes of microsatellite mutations directly (Ellegren 2004) . Our quantified mutation rate of 8.3 × 10 −4 mutations per generation was within the scope of mutation rates (10 −2 to 10 −6
) estimated experimentally for other taxa (Goldstein and Schlotterer 1999; Schlötterer 2000 Schlötterer , 2004 Chistiakov et al. 2006 ). Our value is very close to the median value (6.8 × 10 −4 ) and average (7.1 × 10 −4 ) of this measure recorded in 8 other fish species by applying the same calculation methods (Table 2) , and similar to a rate (5.0 × 10 −4 ) often applied to fish studies (Cornuet et al. 1999; Lippé et al. 2006; Selkoe and Toonen 2006; Barson et al. 2009 ). It should be noted that microsatellite mutation rates for other fish species may reflect locus-specific rates that would not necessarily be reflective of genome-wide estimates (Ellegren 2004 ). Mutations at sturgeon microsatellite loci generally fit expectations with respect to patterns associated with directionality (net increases in repeat number) and polymorphism (mutations are more likely variable loci) (Yue et al. 2002; Bulut et al. 2009 ). Our results are interesting in the context of the presumed slow evolution rate of Acipenseriformes (Ong et al. 1996; Krieger and Fuerst 2002; Peng et al. 2007 ). It should be emphasized, however, that the analyzed loci are most likely located in noncoding regions of the genome and should not be under selection. Similarly, the rate of the flanking region sequence divergence of microsatellite locus Spl-106 (0.03% per Ma) in sturgeon species was within the range of other fish (0.02-0.05% per Ma; Shao et al. 2011) . Therefore, the estimated mutation rate is probably similar to those recorded in other groups of organisms.
We observed incidence of homoplasy (9 of the 11 mutated allelic states were already recorded in the Atlantic sturgeon populations). Such phenomenon was also observed in pink salmon (Jones et al. 1999; Steinberg et al. 2002) . Different types of mutations were observed in 11 sturgeon species, resulting in variations of perfect and imperfect compounds at this locus.
Two of the identified mutations were shared by several sibs and it is highly improbable that they have occurred independently. The most likely explanation of this observation is that mutations arose in the paternal germline, before the meiotic division or the unexpected genotype pattern was caused by null allele occurrence. Such phenomenon was observed in other fish species including pipefish (Syngnathus typhle), pink salmon (Oncorhynchus gorbuscha) and dollar sunfish (Lepomis marginatus; Jones et al. 1999; Mackiewicz et al. 2002; Steinberg et al. 2002) . This so called, clustered microsatellite mutation type was suggested to account for as many as 20% of new mutations in Drosophila (Woodruff and Thompson 1992) and should be more evident in species producing large number of offspring (Steinberg et al. 2002) . Hence, we treated the observed allele length changes as a single mutational event. Clustered mutations have higher probability to be fixed in a population than single mutations (Steinberg et al. 2002) as they have higher frequency rate of new alleles entering the population per generation (µ*).
Putative mutations may actually be the result of a null alleles present in parental genotypes (as for locus AfuG41 and AS9WM). In these 2 cases representing clustered mutations, null alleles should be inherited (distributed in progeny) in Mendelian fashion which was not well supported in either case. In addition, both putative cluster mutations are inferred to have been caused by the paternal line, which is consistent with male asymmetric germ cell mutation (Ellegren and Fridolfsson 2003) , although the fact that both cluster mutations are inferred to be paternal may be explained by chance alone. Alternatively, mutations in gametes resulting in a null allele, in effect represent novel mutations, although this was not supported by the statistical tests of segregation distortion. The observed segregation distortions in AfuG41 and AS9WM may have been caused by uneven distribution of chromosomes B among gametes as chromosomes B in sturgeons are thought to exist as microchromosomes and their number varies, for example, for Atlantic sturgeon genome 2n = 121 ± 3 (Fontana et al. 2008; Vasil'ev 2009) . Assuming therefore either 9 or 11 mutations the mutation rate in the Atlantic sturgeon species was estimated to range between 6.8 × 10 −4 and 8.3 × 10 −4
per locus per generation, while µ* was either 4.5 × 10 −4 or one order higher, reaching 3.7 × 10 −3 . Although the Atlantic sturgeon genome is supposed to have undergone functional diploidization, some of the genome may still retain polyploid character in form of residual tetraploidy, as this species is evolutionary tetraploid (Ludwig et al. 2001; Peng et al. 2007; Rajkov et al. 2014 ). Similar observations were made for other species of sturgeons, including the subspecies of Atlantic sturgeon, Gulf sturgeon (Acipenser oxyrinchus desotoi) (Hargrove et al. 2013; Rajkov et al. 2014) suggesting that re-diploidization is not complete. In the Gulf sturgeon, polyploidy at some loci was detected across many individuals, supporting the residual polyploidy hypothesis. The triploidy and tetraploidy we observed could also be an effect of spontaneous locus duplications (e.g., Drauch Schreier et al. 2011; Schreier et al. 2013; Havelka et al. 2014) or other non-Mendelian processes and should be confirmed in separate inheritance analysis.
By following allelic transmission in wild-born, aquacultured spawners, we have quantified microsatellite mutation rate in Atlantic sturgeon. This information is the first described for sturgeons and will be useful in population analyses that incorporate mutation rates such as reconstruction of population dynamics and calculating the effective population size.
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